Introduction
The unknown origin of neutrino masses together with the existence of the dark matter (DM) component of the Universe constitute our most significant experimental evidence for physics beyond the Standard Model (SM) and therefore the best windows to explore new physics. Neutrinos and DM also share their elusive nature, having very weak interactions with the other SM particles. A tantalising avenue of investigation is the possibility that a stronger connection between these two sectors exists. In this case, the best way to probe DM would be through the neutrino sector.
In this contribution, based on [1] we will investigate some gauge-invariant SM extensions that lead to sizeable neutrino-DM interactions, exploring if neutrino probes could dominate our sensitivity to the dark sector. If DM does not participate in any of the SM gauge interactions, the natural expectation is that the strongest connection to DM will be via singlets of the SM gauge group. The neutrino portal includes the addition of singlet right-handed (RH) neutrinos N R , which makes this option particularly appealing in connection to the evidence of neutrino masses and mixing.
Coupling to the full lepton doublet
In this section we will study the simplest scenario, in which DM couples directly to the full SM SU (2) lepton doublet. We will adopt an effective field theory approach in order to avoid specifying the nature of the mediator. The Lagrangian describing the neutrino-DM interaction is thus given by
with L DM = χ i / ∂ − m χ χ, being χ a Dirac fermion DM particle. From Eq. (1) it is clear that DM couples as strongly to neutrinos as to charged leptons.
As can be seen in Fig.1 , whenever the annihilation to the corresponding charged lepton is possible, the constraints from Fermi-LAT [2] and the CMB [3] dominate, ruling out all the parameter space. Only if m χ is smaller than the mass of the corresponding charged lepton neutrino experiments control the sensitivity to these interactions. Future neutrino and DM experiments could further explore these unconstrained regions as shown in the right panel of Fig.1 . For more details see Ref. [1] . mixing between the SM neutrinos and the extra N R we will attribute the smallness of neutrino masses to an approximate lepton number symmetry. We will consider the addition of only one Dirac sterile neutrino that will serve as portal between the SM neutrinos and the DM. The Lagrangian of the model is given by
After electroweak symmetry breaking we get three masless neutrinos and a heavy one with mass m 4 = m 
Neutrino portal with a scalar mediator
In this section we will assume that DM is composed of a new fermion, singlet under the SM gauge group, and that a new scalar mediates the neutrino-DM interactions. The Lagrangian of the model is given by
where S is a complex scalar and χ is a Dirac fermion DM candidate. Note that the Lagrangian respects U (1) L lepton number and a global dark symmetry under which χ and S have the same charge. In order to have DM stability we will assume m χ < m S , where m S is the mass of the scalar. The sensitivity to these interactions will be controlled by neutrino experiments, as the coupling to other SM particles appears at loop level. Along the blue line in Fig.3 .1 the measured DM relic density [3] is obtained. Above this line the relic density is larger, leading to overclosure of the Universe. Indirect searches for annihilation to neutrinos, together with direct detection bounds by XENON1T [5] , are the only probes that constrain the allowed parameter space. The prospects to explore the remaining allowed regions are very promising (see Ref. [1] ).
Neutrino portal with a vector mediator
In this second example, we will couple the Dirac DM fermion to a new massive vector boson. The Lagrangian of the model is given by
where Z is a new vector boson mediating the interaction between neutrinos and DM. This Lagrangian could describe a new spontaneously broken U (1) gauge symmetry. We will assume there is an additional conserved charge not shared between the neutrino and the DM preventing their mixing. The phenomenology will be dominated by neutrino experiments, as the coupling to other SM particles appears at loop level, e.g., through kinetic mixing between the Z and Z vector bosons [1] . In Fig.3 .2 there are two branches where the DM relic density is obtained due to a resonant behaviour of the annihilation cross section to neutrinos. Large regions of parameter space are constrained through indirect detection at neutrino detectors. Future neutrino experiments will further probe other regions of parameter space, with DUNE being able to probe the relic density target [1] .
Conclusions
We have explored whether a dominant neutrino-DM interaction is allowed in simple gauge-invariant models. We first explored the simplest scenario, in which DM couples to the full lepton doublet. Whenever DM is heavier than the charged lepton(s) it couples to, the bounds from Fermi-LAT and CMB preclude DM-neutrino couplings sizeable enough to be probed. We have then considered the option of the neutrino portal to DM, where DM couples directly to new heavy neutrinos, which are a natural addition to the SM to account for neutrino masses and mixing. In the two realisations we explored we find that neutrino detectors place the most stringent and competitive bounds. Future projects will be able to probe if the right-handed singlet fermions that can explain the origin of neutrino masses also represent our best window to the dark matter sector.
